Abstract:The paper presents a dynamic model of a hybrid power system composed of a wind park, a diesel generator, and an electrochemical energy storage system. The purpose of conventional generating units and energy storage equipment in the hybrid power system is the balancing of fluctuating power generated by renewable energy sources as well as an increase in supplied power quality. The composed dynamic model describes characteristics of the power governor of the diesel generator and dynamic behavior of the energy storage system based on a vanadium redox battery. Simulations are based on sampled data of real wind park power installed in the Lithuanian power system. The effectiveness of wind park power balancing while using different capacities of diesel generator and electrochemical energy storage system is investigated. Optimal capacities of the balancing equipment are estimated.
Introduction
Renewable energy sources are an alternative to conventional organic fossil fuel. In the European Union, local energy sources are sufficient to meet only a half of consumers' demand [1, 2] . This situation creates economic dependence on countries exporting energy sources. The second aspect is the growing air pollution from burning fossil fuel and the subsequent global climate change. The forecasted increase in global energy consumption means that the emission of harmful pollutions will increase also. Renewable energy sources can solve these problems; however, their development involves new technical and economic aspects. One of the problems of renewable energy sources is a variable supply of electrical power and energy that depends on natural conditions: sun irradiance, wind power etc. Different solutions are being developed for balancing renewable power; however, these solutions should be implemented considering conditions of individual cases. For solving these problems, hybrid power systems are being developed that integrate conventional as well as renewable energy sources. In such hybrid systems, the conventional generating units follow the load shape of the renewable energy sources and balance their power. Additional equipment in hybrid systems is energy storage systems that can accumulate excess energy from renewable energy sources and generate it when the supply of power is insufficient or does not match scheduled generation. In this way, a steady load pattern is ensured and power supply reliability and quality are increased.
Solving of the latter issue becomes very important in small power systems, especially in microgrids, whose concept is based on optimal operation of distributed energy sources, representing a viable option to increase the share of dispersed and renewable generation [1] . Coordination of the microgrid systems ( Figure 1 ) covers the control of microsources, storage devices, and controllable loads connected to a low voltage or medium voltage feeder [3] . The microgrid with a hybrid power generation allows the use of different kinds of fuel more flexibly, to obtain better efficiency, to increase power supply reliability and quality, to reduce emissions, to improve economic factors, and to increase the flexibility of energy sources by adjusting for peculiarities of energy demand.
Measurement and control system
The typical hybrid power system contains:
1. Technologies using fossil fuel for power generation.
2. Technologies using renewable energy sources for power generation. Power generation of the system with wind power plants depends on wind speed and might be variable and discontinuous. This is the reason why wind power plants or wind parks should have balancing generating units and energy storage systems allowing smoothly and more effectively operating power supply system. Such a system would achieve higher reliability and the load pattern would be steadier and would not be affected by changes in primary energy sources during operation. For efficient balancing of wind power, the balancing unit must have a fast response for increasing or decreasing power. As implementation of conventional combined heat and power plants [4, 5] is possible, the increase in fuel consumption and maintenance costs and reduced lifetime of the units may be not suitable for fast responses.
The hybrid power system researched in the paper contains a wind park, an electrical generator driven by an internal combustion diesel engine, and an electrochemical vanadium redox energy storage system (Figure 2 ). The hybrid power system can operate connected to an external power grid as well as autonomously, and has advantages for residential, commercial, or industrial buildings and industrial utilities. Balancing of wind parks' power in a microgrid and a bulk grid differs in the amount of power that has to be compensated. While power balance between total demand and total generation should exist in the power system, the balancing concept of renewable power plants may differ in a microgrid and a large-scale power system. The design of a microgrid includes the balancing units and energy storage systems, the purpose of which is to follow the load as well as random variation in renewable power sources' output power. Historically, the composition of conventional generating units in the bulk power system is optimized to follow the load pattern and the balancing possibility of them is limited to compensate the forecast errors of load. The penetration of renewable energy sources such as wind power plants increases uncertainty in power disbalance. As forecasted wind park generation can be approached as forecasted negative load, the scheduled generation of fully controllable power plants follows the load pattern as well as output of wind parks. The forecasting errors of wind parks' output increases the demand in power balancing resources. In this paper, the case of a wind park with balancing units connected to the bulk power system is analyzed.
Dynamic model of hybrid power system

Dynamic model of diesel generator power governor
Simplified or detailed dynamic models can describe the power and speed governor of the generator driven by an internal combustion engine. The simplest dynamic model [6] describes the speed governor by PI link that accounts for the droop 1/ R , the integrating circuit, and the first order phase lag link that describes the operation of the fuel actuator. The more detailed model [7] of the diesel generator's power control accounts for transfer functions of the electric control block, the actuator, and the internal combustion engine (Figure 3 ). In the case of operation in the isolated system or if the generator participates in the primary frequency control, the input signal of the governor should be the deviation of frequency. Otherwise, if the generator operates in a large power system, the input signal should be the variation in active power caused by a change in wind park power. The change in mechanical power ∆P mech produced by the diesel generator equals the product of rotational speed and power change ∆P d.e. of the diesel engine:
where ∆ω is the deviation in the angular speed of the generator from the synchronous angular speed ω 0 .
The following equations describe the engine power in such way:
where ∆P a is the change in hydromechanical actuator power, which corresponds to a valve position of the fuel supply; ∆P c is the change in a control signal; ∆P ref is the change in a power reference; ∆u is the change in input control signal of the diesel generator; T D is the fuel burning time lag; T 1 , T 2 , and T 3 are the time constants of the electric control block; T 4 , T 5 , and T 6 are the time constants of the hydromechanical actuator; 1/ K is the time constant of the engine control signal; K f is the feedback gain; and s is the "s" transformation operator.
In the case when the hybrid system operates in a nonisolated power system, it is assumed that the shaft speed of the generator is constant, i.e. ∆ω = 0.
Typical parameters of the dynamic model are [7] : T D = 0; T 1 = 10 s; T 2 = 0.2 s; T 3 = 5 s; T 4 = 15 s;
The response of the diesel generator's power governor to a step change is presented in Figure 4 . 
Dynamic model of energy storage system
The majority of studies related to the operation of electrochemical energy storage systems are based on analysis of electrochemical reactions or volt/ampere characteristics of the storage systems [8, 9] . The task of the presented model is the balancing of active power. The model accounts for the main energy characteristics of the VRB battery: power, state of charge level, and charge and discharge duration as well as power losses in the storage system.
The power losses in the VRB battery consist of initial or electrochemical losses and external or parasitic losses: auxiliaries, operation of pumps, power losses in electronic equipment etc. If the VRB system is used for balancing of active power, the battery must be ready for immediate response at every moment, i.e. the pumps of electrolyte must be operate continuously.
The input signal 1 of the VRB battery dynamic model ( Figure 5 ) is the value of unbalanced power (a positive value means that the excess power is accumulated and a negative value means that a power deficit exists). The input signal 2 is rated power of the storage system. The output signals are the value of charging (consumed) or discharging (supplied) power and the amount of accumulated energy. The model allows evaluation of variable and permanent losses in the storage system and the charge/discharge time ratio, which can vary from 1:2 to 1:1 (in commercial systems, the ratio varies from 1:1.6 to 1:1 [8] ). It is assumed that the energy storage system responds to the power signal immediately and the lag depends only on the operation of power electronics. In the model, aperiodic links describe the performance of the power electronic equipment.
Model for balancing of wind park power
The model for balancing of wind park power presents the operation of a hybrid power system with a wind park, a diesel generator, an energy storage system, and a control algorithm of the equipment's power. Two cases for balancing of wind park power are analyzed: a) wind speed and wind park power are forecasted. In this case, the wind park must follow the forecasted power pattern (Figure 6a ). The diesel generator covers the difference between the actual power of the wind park and forecasted power. Additionally, fast variations in power difference are compensated by the energy storage system VRB. In the model, the initial power of the diesel generator P DG and rated power of the VRB battery P VRB should be defined. Rated power of the diesel generator and capacity of the energy storage system are settled in the blocks DG and VRB, correspondingly. b) wind speed and wind park power are not forecasted. In this case, the power pattern of the hybrid system must be as smooth as possible. Wind park power variation is damped by the diesel generator DG and energy storage system VRB. Conversely to the first case, the high-pass filter with time constant T f l is added in order to eliminate the component of slow power variation from the signal (Figure 6b ). 
Simulation results
For research of the efficiency of wind park power balancing, the sampled data of active power of the wind park with 16 MW capacity installed in the Lithuanian power system are analyzed. The power variation per 24 h is presented in Figure 7 . Wind park power varies between 0 and 15.8 MW and the average value is 7.4 MW. There are some sharp fronts of power increase and decrease reaching from -4.9 MW/min to +5.2 MW/min in the power pattern. For high accuracy of wind power forecasting, a large amount of meteorological data is required. The forecasted data of wind power generation were not available for the analyzed period of time. Because of this, the fictitious short-term forecasted power pattern is simulated. It is assumed that the forecast of the wind park generation was performed for each hour and the forecasted power output of the wind park is constant during one hour and equals the mean generated power value of the wind park during the specified hour. The simulated forecasted power pattern is shown in Figure 7 , black line. The difference between forecasted and actual wind park power is shown in Figure 8 . The forecasting error varies from -5.8 to 7.9 MW. The presented data are common to separate wind parks. If several wind parks distributed in large geographical area are observed simultaneously, the total dispersion of power would decrease [10] . For wind park power balancing, the diesel generator and energy storage system VRB are used. While the diesel generator operates at minimal power close to zero, only a decrease (i.e. power deficit) in wind park power can be compensated. For compensation of wind park power increases, the diesel generator must operate at nonminimal power, i.e. it must have capability to decrease its power. Otherwise, if the wind speed increases and the diesel generator cannot decrease its power, wind park power should be restricted and not supplied to the grid. The optimal initial operation point of the diesel generator is 50% of rated power. The energy storage device must be able to store a sufficient amount of energy to cover the maximum possible shortage of energy. The oversizing of the generator and storage system would lead to a significant rise in their cost [11] .
Wind speed and wind park power are forecasted
It is assumed that the hybrid power system is composed of a wind park of 16 MW capacity, diesel generator of 2 MW capacity, and energy storage system VRB of 2 MW rated power (2 × 4 MWh capacity). The referenced power of the diesel generator is 1 MW and the VRB battery is charged at 80%. The task of the hybrid system is to follow the referenced (forecasted) power pattern. Because of the operation of the diesel generator, the forecasted power is increased by 1 MW, i.e. the constant component of the diesel generator power is added to the wind park forecasted power pattern.
Three cases of the hybrid power system are analyzed: 1) wind park power is balanced only by the diesel generator (VRB battery does not operate);
2) wind park power is balanced only by the VRB battery (the diesel generator does not operate);
3) wind park power is balanced by the diesel generator and VRB battery.
Simulated variation in hybrid power system power patterns is presented in Figures 9a, 10a , and 11a, corresponding to cases 1, 2, and 3. The differences between forecasted and total power of the hybrid system are shown in Figures 9b, 10b , and 11b, correspondingly.
Balancing efficiency of the hybrid power system power is analyzed when the diesel generator and energy storage system of different capacities are used. It is assumed that the rated power of the diesel generator varies from 0 to 4 MW and the power of the energy storage system varies from 0 to 2 MW. Efficiency is determined by analyzing parameters of generated power and forecasted power patterns' difference: amount of excess or deficit energy per day (Table 1) , maximum amount of excess or deficit energy per hour (Table 2) , and maximum difference in real and forecasted power ( Table 3) .
Analysis of the simulated results shows that the maximum difference in real and forecasted power depends on the installed capacity of balancing equipment, i.e. on total rated power of the diesel generator and the energy storage system. The high value of power difference is deceased by balancing equipment but if the power limits of the balancing equipment are reached, this difference may not be compensated totally.
The excess or deficit energy amount per day or per hour depends not only on the total capacity of balancing equipment but also on their dynamical characteristics. The diesel generator is capable of balancing slow oscillations of power while the VRB battery with practically zero inertia compensates very fast power changes. It is determined that balancing efficiency increases very slowly if the rated power of the diesel generator is increased from 2 to 4 MW and the power of the energy storage system is increased from 1.5 to 2 MW ( Figure   12 ). However, for instantaneous peak changes in wind park power, an energy storage system of higher power (2 MW) should be installed. 
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Wind speed and wind park power are not forecasted
In this case, the equipment of the researched hybrid power system is the same as that described in section 3.1. The task of the balancing equipment consisting of the diesel generator and the energy storage system is to minimize oscillations of supplied power.
The power patterns of the hybrid power system when wind park power is balanced only by the diesel generator, only by VRB battery, and by both diesel generator and VRB battery are shown in Figures 13a-13c . Table 3 . Maximum difference in real and forecasted power, in MW, at different capacities of the diesel generator and the energy storage system (the upper number is excess power and the lower number is unsupplied power). Simulation results show that the diesel generator with 2 MW capacity and the energy storage system with 2 MW capacity are capable of balancing the wind park power with sufficient efficiency. 
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Conclusions
The created dynamic model of the hybrid power system composed of a wind park, a diesel generator, and an energy storage system allows analysis of power balancing efficiency when different balancing equipment is used. The model describes the dynamic characteristics of the diesel generator power governor and the main characteristics of the electrochemical energy storage system. The wind park is not modelled; only active power generated by the wind park is used as the input signal of the model.
The simulation is based on sampled data of active power of the wind park with 16 MW capacity. The analysis of simulation results shows that the best power balancing efficiency can be achieved when different kinds of balancing equipment are used, e.g., slowly operating diesel generator and fast operating electrochemical energy storage system. Different capacities of the diesel generator and energy storage system were used in simulations in order to estimate the optimal capacities of balancing equipment. It is determined that the optimal rated power of the diesel generator is 2 MW and the power of the energy storage system is 2 MW for the studied case.
The suggested model can be applied for research of the operation of various kinds of hybrid power systems including renewable power sources.
